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A number of predictions were made in Ref. [1] pertaining to the anomalous production of multiple
leptons at the Large Hadron Collider. Discrepancies in multi-lepton final states have now become
statistically compelling with the available Run 2 data. These could be connected with a heavy boson,
H, decaying predominantly into a SM Higgs boson, h, and a singlet scalar, S, where mH ≈ 270 GeV
and mS ≈ 150 GeV. These can be embedded into a scenario where a Two Higgs Doublet is considered
with an additional singlet scalar, 2HDM+S. The long-standing discrepancy in the muon anomalous
magnetic moment, ∆aµ, is interpreted in the context of the 2HDM+S type-II and type-X, along
with additional fermionic degrees of freedom. The 2HDM+S model alone with the constraints from
the LHC data does not seem to explain the ∆aµ anomaly. However, adding fermions with mass of
order O(100) GeV can explain the discrepancy for low enough values of fermion-scalar couplings.
I. INTRODUCTION
The anomalous magnetic moment of the muon, aµ =
(g − 2)µ/2, is one of the most important precision ob-
servables to test the Standard Model (SM) and provide
a complementary, non-collider constraint of beyond the
Standard Model (BSM) physics. Currently, the discrep-
ancy between the experimental measurement and the SM
prediction is ∼ 3.5σ [2–9], where:
∆aµ = a
Exp
µ − aSMµ = 2.87(80)× 10−9. (1)
This opens a window of opportunity for quantum cor-
rections driven by BSM particles [10–14]. In a model
independent scenario a detailed study [11] shows the con-
tribution to aµ for the BSM particles of masses of a
few 100 GeV. A complete two-loop contribution to aµ
in the two-Higgs doublet model (2HDM) is performed in
Refs. [15, 16] to explain the anomaly, ∆aµ, which con-
strains the parameter space of the model. These studies
connect the ∆aµ with the collider studies at the Large
Hadron Collider (LHC) and the Fermilab experiments.
Early studies considered the possibility of a heavy
scalar, H, being compatible with several LHC Run 1
measurements [1, 17]. Using an effective vertex the best
fit mass of H was found to be at mH = 272
+12
−9 GeV. This
study included, but was not limited to the production of
multiple leptons in association with b-quarks, as reported
by the search for the SM Higgs boson in association with
top quarks. Following a discussion of the results, the next
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point of interest was to explore the possibility of intro-
ducing a scalar mediator, S, (instead of using effective
vertices) such that H could decay to Sh, SS, and hh,
and where S would decay into SM particles [1].
A number of predictions were made in Refs. [1, 17] per-
taining to the anomalous production of multiple leptons
at high energy proton-proton collisions. Discrepancies in
multi-lepton final states were reported with Run 1 data in
Refs. [17, 18]. Assuming that the singlet scalar behaves
like SM Higgs-like boson, the data can be described with
mH ≈ 270 GeV and mS ≈ 150 GeV. These discrepancies
have now become statistically compelling with the avail-
able Run 2 data [19] where the mass points and other
parameters were fixed a priori, and therefore the model
was not tuned to explain the data. The final states were
selected as per the predictions in Refs. [1, 17], which
predate the Run 2 data. These include the anomalous
production of opposite-sign, same-sign and three leptons
with in the presence and absence of b-quarks.
Discrepancies emerge in final states and corners of the
phase-space where different SM processes dominate, in-
dicating that the potential mismodelling of a particular
SM process is unlikely to explain them. The yields of the
anomalies and their kinematic characteristics are reason-
ably well described by a simple ansatz, where H → Sh is
produced via gluon-gluon fusion and in association with
top quarks in high-energy proton-proton collisions. It is,
therefore, appropriate to understand the possible connec-
tion of the above mentioned spectroscopy with the ∆aµ
anomaly through loop corrections.
The above mentioned bosons can be embedded into a
scenario where a 2HDM is considered with an additional
singlet scalar (2HDM+S) [1, 20, 21]. In Ref. [20] a first
attempt was made to identify corners of the 2HDM+S
parameter space that can accommodate the discrepan-
cies between the SM and the data reported in Ref. [18].
Here we investigate whether the 2HDM+S model with
the parameter space identified in Ref. [18] can account
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2for the ∆aµ anomaly or whether new degrees of freedom
are necessary.
While the multi-lepton anomalies reported in Refs. [18,
19] seem to be fairly well described with the simple
ansatz alluded to above, some features of the data iden-
tified in Ref. [19] seem to be indicative of a picture more
complex than that of the 2HDM+S model. In partic-
ular, the di-lepton invariant mass, the transverse mass
of the di-lepton system, and the missing transverse en-
ergy, tend to be wider compared to what is predicted by
the S → W+W− → `+`− (` = e, µ) decay chain. New
leptonic degrees of freedom could significantly alter the
decays of S, thus modifying the differential distribution
predicted by the model [18]. In this light, we explore
what one can learn from the ∆aµ anomaly with regards
to these potential new degrees of freedom.
In this short article we connect ∆aµ with the con-
strained parameter space of the 2HDM+S at the LHC.
We briefly explain the model considered for this study
in Section II, along with the constraints on the parame-
ter space from previous studies. The one- and two-loop
formulae are discussed in Section III, and results of the
study are detailed in Section IV. Finally, a summary and
conclusion of this study are presented in Section V.
II. THE MODEL
As mentioned in Section I, we are considering the
2HDM+S model as a possible explanation for ∆aµ. Fol-
lowing Refs. [20, 21, 25] this model is, in brief, based on
the well-known 2HDM with the addition of a real singlet
scalar S. The potential is given by:
V (Φ1,Φ2,ΦS)
= m211 |Φ1|2 +m222 |Φ2|2 −m212
(
Φ†1Φ2 + h.c.
)
+
λ1
2
(
Φ†1Φ1
)2
+
λ2
2
(
Φ†2Φ2
)2
+ λ3
(
Φ†1Φ1
)(
Φ†2Φ2
)
+ λ4
(
Φ†1Φ2
)(
Φ†2Φ1
)
+
λ5
2
[(
Φ†1Φ2
)2
+ h.c.
]
+
1
2
m2SΦ
2
S +
λ6
8
Φ4S +
λ7
2
(
Φ†1Φ1
)
Φ2S +
λ8
2
(
Φ†2Φ2
)
Φ2S ,
(2)
where the fields Φ1 and Φ2 are the SU(2)L Higgs dou-
blets, while ΦS is the singlet scalar field. The first three
lines correspond to the terms in the real 2HDM poten-
tial. The last line contains the contribution from the
singlet scalar field. Typically, models with more than
one Higgs doublet have tree-level Flavor Changing Neu-
tral Currents (FCNC). To prevent tree-level FCNCs, one
couples all quarks of a given charge to a single Higgs
doublet.
Due to the addition of a singlet scalar this model has
three physical CP-even scalars h, S, and H, with one CP-
odd scalar A and charged scalar H±. Other parameters
of this model are the mixing angles α1, α2, α3 and tanβ,
φ0, H±f f
f ′ f ′
(a)
φ0
f
f ′
f
f ′′
(b)
FIG. 1. Representative (a) one-loop and (b) two-loop dia-
grams contributing to the ∆aµ. For 2HDMs, φ
0 = h,H,A
while in the case of the 2HDM+S, φ0 also gets a contribution
from S. In a 2HDM or 2HDM+S scenario, the fermions f and
f ′ can be considered as the SM leptons, however f ′′ could be
quarks and leptons. The dominant contributions comes from
f ′′ = t, b, τ . For 2HDM+S+f model, f ′ could be taken as
BSM charged fermions with neutral scalars.
vacuum expectation values (vev) v, vS , and the masses
mh,mS ,mH ,mA,mH± . As discussed in Section I, the
masses of many of these parameters are fixed a priori
from previous studies [1, 20, 21], where the as yet con-
strained mass mA, and to a lesser extent mS , will be
scanned over in this study.
The relevant Yukawa couplings between the SM
fermions and 2HDM+S scalar mass eigenstates are given
as:
−L2HDM+SY
=
∑
f=u,d,l
mf
v
[
yhfhf¯f + y
H
f Hf¯f + y
S
f Sf¯f − iyAf Af¯γ5f
]
+
[√
2VudH
+u¯
(mu
v
yAu PL +
md
v
yAd PR
)
+
√
2
ml
v
yAl H
+ν¯PRl + h.c.
]
. (3)
For the details on the couplings and other information
we refer the readers to Refs. [20, 21]. Furthermore, for
our studies we only consider type-II and lepton-specific
(type-X) models within the parameter space considered
in Ref. [20].
Since these types of models are highly constrained by
many studies, we also looked at a scenario by adding
BSM leptons, which are singly charged. Specifically,
we consider light leptons with a mass of O(102) GeV
and that are not produced directly at colliders. This
means that these leptons are to be treated as media-
tors, and would contribute via loop corrections to the
∆aµ anomaly. For the sake of simplicity, and without
any loss of generality, we consider singly charged SM sin-
glet vector-like leptonic fermions, where left and right-
handed chiral components transform the same way under
SM gauge transformations as follows [11]:
L ⊃ −ySf ′ lRΦSf ′L −
2∑
i=1
yif ′LlΦif
′
R + h.c., (4)
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FIG. 2. Values of tanβ and mA required to explain the ∆aµ in (a) type-II and (b) type-X 2HDM. The one and two sigma
regions are shown with dark blue and light blue, respectively. This parameter space can be further constrained by experimental
data.
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FIG. 3. Values of tanβ and mA required to explain the ∆aµ in (a) type-II and (b) type-X 2HDM+S. The one and two sigma
regions are shown with dark blue and light blue, respectively. Note the similarity to the parameter space required by the 2HDM
without S in Fig. 2.
where lR and Ll are the SM singlet and doublet lep-
tons, and f ′L/R are the BSM singly charged vector-like
leptons with left and right chirality. The interaction
Lagrangian, Eq. (4), can now be easily cast in terms
of the scalar mass eigenstates as in Eq. (3). We add
these interactions to the 2HDM+S and call this model
the 2HDM+S+f.
Note that the overall coupling should be constrained
as yif,f ′ ≤
√
4pi, though it should be noted that all the
couplings which appear in the interactions are the func-
tions of the mixing angles αi and β used to diagonalise
the mass matrix appropriately in the model. Without
loss of generality, we can take −pi/2 ≤ αi ≤ pi/2 and we
scan over β in the coming sections, along with the mass
of the new vector-like fermion, f .
III. CONTRIBUTIONS TO ∆aµ
The 2HDM contributions to the ∆aµ have been cal-
culated and are known up to the two-loop level [15, 16],
where these calculations also apply for the 2HDM+S with
appropriate coupling arrangements. The one- and two-
loop diagrams contributing to ∆aµ are shown in Fig. 1.
It has been shown that the type-II and type-X (lepton
specific) 2HDMs are suitable to explain the discrepancy
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FIG. 4. One- and two-loop contributions from the 2HDM+S to ∆aµ using Eq. (5) and Eq. (9) in (a) type-II and (b) type-X
2HDM+S. Here mA = 600 GeV is taken.
with positive contributions to the ∆aµ. In these mod-
els, the lepton couplings to the new bosons are enlarged,
while the top Yukawa coupling are kept favorably small.
The one loop contribution from the neutral and
charged scalars is given by the expression:
∆aµ(1 loop) =
GFm
2
µ
4pi2
√
2
∑
j
(yjµ)
2 rjµ fj(r
j
µ), (5)
where j = {h, S,H,A,H±}, rjµ = m2µ/M2j , and
fh,S,H(r) =
∫ 1
0
dx
x2(2− x)
1− x+ rx2 , (6)
fA(r) =
∫ 1
0
dx
−x3
1− x+ rx2 , (7)
fH±(r) =
∫ 1
0
dx
−x(1− x)
1− (1− x)r . (8)
The two loop contribution from the neutral scalars are
given by the expression:
∆aµ(2 loop) =
GFm
2
µ
4pi2
√
2
αem
pi
∑
i,f
N cfQ
2
fy
i
µy
i
f r
i
f gi(r
i
f ), (9)
where i = {h, S,H,A}, f = {t, b, τ}, rif = m2f/M2i , and
mf , Qf , and N
c
f are the mass, charge, and number of
colour degrees of freedom of the fermion in the loop. The
functions gi(r) are:
gi(r) =
∫ 1
0
dx
Ni(x)
x(1− x)− r ln
x(1− x)
r
, (10)
where Nh,S,H(x) = 2x(1− x)− 1 and NA(x) = 1.
In this study we shall go one step further, and use
the 2HDM+S+f model discussed in Section II, where the
addition of BSM fermions gives a one-loop contribution
to ∆aµ as given by [11]:
∆af
′
µ (1 loop) =
1
16pi2
∑
i
(yif ′)
2 riµ Fi(r
i
f ′), (11)
where i = {h, S,H,A}, rif ′ = m2f ′/M2i , and riµ =
m2µ/M
2
i . The function Fi is defined as:
Fi(r) =
r3 − 6r2 + 3r + 6r ln(r) + 2
6(1− r)4 . (12)
We will now use these formulae, inputting the numerical
values of parameters from previous studies [1, 20, 21], to
generate the ∆aµ, scanning across the parameters mf ,
mA, and the mixing angles in the next section.
IV. RESULTS
For the numerical calculations we considered the
masses of the scalars to be mh = 125 GeV, mS = 140
- 150 GeV, mH = 250 - 270 GeV, and mA = mH± =
400 - 600 GeV and 0.5 ≤ tanβ ≤ 1.0. In few cases we
also made scan over light masses of A and mentioned
appropriately. It is also important to note that the pa-
rameter space described in Ref. [21] and the one chosen
for this work are checked with respect to: (a) theoreti-
cal constraints, like tree-level perturbative unitarity, the
vacuum stability from global minimum conditions of the
2HDM+S potential and conditions which bound the po-
tential from below; (b) the experimental constraints from
Rb [26, 27] and B → Xsγ [27–30]; and (c) the compati-
bility with the oblique parameters S, T and U .
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FIG. 5. Contributions to ∆aµ from the one-loop diagram in Fig. 1 by (a), (b), (c) varying fermion masses and (d) varying mass
of S. The dashed line shows the value of the discrepancy as given in Eq. (1), and the one and two sigma regions are shown with
dark blue and light blue, respectively. The fermion couplings are fixed at (a) yhf ′ = 1, y
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As a first test, we start with 2HDMs where the posi-
tive one-loop contributions are from the terms involving h
and H, whereas the terms with A and H± give negative
contributions. Conversely, h and H provide the nega-
tive two-loop contributions, whereas A provides positive
contribution. In the region of large tanβ and small mA,
the 2HDM two-loop contributions become larger than the
one-loop contributions, allowing for an explanation of the
discrepancy. The required parameter space of the Type
II and Type X 2HDMs is shown in Fig. 2. For a complete
analysis of the 2HDM contributions see Ref. [16].
Although the addition of S is necessary for the expla-
nation of the multi-lepton anomalies, it does not have a
significant effect on the parameter space of the 2HDM re-
quired to account for ∆aµ, since the contributions from
the CP-even scalars are suppressed with respect to that
of the CP-odd scalar. This can be seen with a comparison
of the plots in Fig. 2 and the plots in Fig. 3. In contrast
to the existing constraints on the 2HDM+S, Fig. 3 shows
that it requires a high value of tanβ and a relatively small
mass of A. Following the model used in Ref. [20], where
mA = 600 GeV and tanβ < 1, the full two-loop contri-
bution from the 2HDM+S is shown in Fig. 4. From the
plots in Fig. 4, it is clear that the existing constraints on
tanβ and the particle masses in the 2HDM+S make the
model unsuitable to account for the ∆aµ.
Addition of BSM fermions: Introducing additional
fermionic degrees of freedom that interact with the
2HDM+S particles allows the one-loop contributions to
become larger than the two-loop contributions. Fermions
in the mass range 100 GeV to 1000 GeV enlarge the
one-loop contributions enough to account for the ∆aµ.
The one-loop diagram with the new fermions is explained
in Fig. 1. In Fig. 5 we depicted the contribution to the
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FIG. 6. Some of the fermion coupling values required for different masses mf ′ . The masses are kept constant at (a) mf ′ =
100 GeV, (b) mf ′ = 150 GeV, and (c) mf ′ = 200 GeV.
∆aµ by using Eq. (11) for different choices of couplings.
Since the contributions from the 2HDM+S without the
BSM fermions and the two-loop diagrams containing the
SM fermions are much smaller, only the one-loop contri-
bution is considered here. In Fig. 6 we depict some of
the couplings required by different fermion masses.
V. SUMMARY AND CONCLUSION
A number of predictions were made in Refs. [1, 17]
pertaining to the anomalous production of multiple lep-
tons at high energy proton-proton collisions. These could
be connected with a heavy boson with a mass around
the electroweak scale decaying predominantly into a SM
Higgs boson and a singlet scalar. Discrepancies in multi-
lepton final states were reported with Run 1 data in
Refs [17, 18] have now become statistically compelling
with the available Run 2 data [19]. These include the
production of opposite-sign, same-sign and three leptons
with and without b-quarks. Discrepancies emerge in fi-
nal states and corners of the phase-space where differ-
ent SM processes dominate, indicating that the potential
mismodeling of a particular SM process is unlikely to ex-
plain them. The yields of the anomalies and their kine-
matic characteristics are reasonably well described by a
simple ansatz, where H → Sh is produced via gluon-
gluon fusion and in association with top quarks, where
mH ≈ 270 GeV and mS ≈ 150 GeV. These can be em-
bedded into a scenario where a 2HDM is considered with
an additional singlet scalar, 2HDM+S [1, 20, 21]. The
parameter space of the 2HDM+S model that accommo-
dates these features of the data [20] are used here as a
baseline.
The long-standing discrepancy in the muon anomalous
magnetic moment are explored here in connection with
the suggested scalar boson spectroscopy and in the con-
text of a constrained 2HDM+S model. The two-loop
7contribution from the 2HDM+S has been calculated, and
it has been shown that this contribution is too small to
account for the ∆aµ discrepancy. In addition, the val-
ues of tanβ and mA required to explain the discrepancy
within 2 sigma have been determined for the 2HDM+S.
In both the type- II and type-X 2HDM+S, a light pseu-
doscalar is required along with a high value of tanβ.
This choice of parameters in the 2HDM+S model is not
compliant with the features of the LHC data described
here. In order to be able to explain the ∆aµ discrepancy
with the 2HDM+S model as constrained in Ref. [20], ad-
ditional BSM fermionic degrees of freedom may be re-
quired. Given the size and the errors associated with the
∆aµ anomaly new leptons would need to be as heavy as
O(100) GeV. The impact of these new degrees of freedom
on the model considered here and, in particular, on the
decays of bosons is beyond the scope of this paper and
will be covered in subsequent works.
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